Twenty-four-hour-old, aerobically grown, Luria-Bertani broth cultures of Salmonella typhimurium F98 suppressed the growth of a spectinomycin-resistant (Spc r ) derivative of the same strain inoculated at 10 3 CFU ml ؊1 . This growth suppression is genus specific and RpoS independent, and it is not solely a result of nutrient depletion (P. A. Barrow, M. A. Lovell, and L. Zhang-Barber, J. Bacteriol. 178:3072-3076, 1996). Mutations in three genes are shown here to significantly reduce growth suppression under these conditions. The mutations were located in the nuo, cyd, and unc operons, which code for the NADH dehydrogenase I, cytochrome d oxidase, and F 0 F 1 proton-translocating ATPase complexes, respectively. When cultures were grown under strictly anaerobic conditions, only the unc mutant did not suppress growth. Prior colonization of the alimentary tract of newly hatched chickens with the S. typhimurium F98 wild type or nuo or cyd mutants suppressed colonization by an S. typhimurium F98 Spc r derivative inoculated 24 h later. In contrast, the S. typhimurium unc mutant did not suppress colonization. The nuo and unc mutants showed poorer growth on certain carbon sources. The data support the hypothesis that growth suppression operates because of the absence of a utilizable carbon source or electron acceptor.
The normal microbial flora of the alimentary tract is a major factor protecting animals and humans against colonization by pathogenic bacteria (17) . Newly hatched chickens without an established flora are particularly susceptible to Salmonella infection and colonization. Colonized young chicks often excrete large numbers of salmonellae into their environment for long periods, thus becoming a potential reservoir of infection (7) . When chickens reach several weeks of age, the lower alimentary tract is colonized by large numbers of obligate anaerobes which confer increased resistance to the establishment of Salmonella infection. The resistance of young chicks to infection may be artificially increased by oral administration, immediately after hatching, of a suspension or culture of cecal contents obtained from healthy adult birds (23) . This phenomenon has been termed "competitive exclusion," and its discovery has led to a search for individual strains of bacteria which can inhibit colonization by pathogens to the same extent as the normal flora. Oral administration of an avirulent Salmonella typhimurium strain to day-old chicks can confer protection against oral infection by a virulent strain (known as colonization inhibition) (8, 10) . Colonization inhibition is normally genus specific, is not caused by bacteriophage or bacteriocin activity, and is not a consequence of immunity induced by the first strain (8) . Attempts are currently under way to elucidate the mechanisms responsible for this effect. An analogous phenomenon in vitro has been observed with 24-h-old stationaryphase nutrient broth cultures of S. typhimurium (6, 8, 11) . When such cultures are inoculated with small numbers of genetically tagged (antibiotic resistant) but otherwise identical derivatives, the growth of the inoculum is suppressed. This type of growth suppression is also genus specific. For example, cultures of S. typhimurium cells do not suppress the growth of Escherichia coli or other genera and vice versa (6, 8) . We have identified different mutations that affect the ability of an avian strain of S. typhimurium, F98, to suppress growth in vitro and affect colonization inhibition in vivo. The results of the study are presented here.
Identification of noninhibitory mutants. For studying the behavior of the avian strain S. typhimurium F98 (3, 4, 10) in mixed cultures and in vivo, nalidixic acid-or spectinomycinresistant mutants (30) were used for ease of enumeration. These resistance determinants do not affect growth suppression or colonization inhibition (8, 10, 11) . Using the rationale that bacterial surface functions were likely to be involved in interaction with the environment, a total of 450 independent TnphoA (19) mutants, which were produced as described previously (11) and showed alkaline phosphatase activity, were screened with the in vitro growth suppression assay (6, 8) . Two mutants (LB145 and GM129) were identified that, as 24-h-old cultures, did not suppress the growth of an S. typhimurium F98 Spc r inoculum. Both mutants grew in Luria-Bertani (LB) broth at the same rate as S. typhimurium F98. In order to confirm that the respective TnphoA insertions were responsible for the phenotype, the mutations were transduced with P22int (5, 27) to the S. typhimurium F98 Spc r wild type to provide a fresh genetic background. When tested (this time against the S. typhimurium F98 Nal r wild type), transductants had the same phenotype as LB145 and GM129 (i.e., they did not suppress growth of the wild type).
The nucleotide sequence of the chromosomal DNA adjacent to the TnphoA insertion from mutant LB145 was determined. HindIII-digested chromosomal fragments prepared as described previously (24, 28) (13) . The sequence in LB145 was identical to that of the nuoG gene from S. typhimurium (2) . The insertion was immediately after nucleotide 1419 of the nuoG open reading frame (ORF), which is known to code for a subunit of the NADH dehydrogenase I (NADHdhI) complex. E. coli and S. typhimurium cytoplasmic membranes have two distinct NADHdh activities (20) ; NADHdhI can oxidize both NADH and deamino-NADH, while NADHdhII, encoded by the ndh gene, can oxidize only NADH. Thus, mutant LB145 ought to be defective in its ability to oxidize deamino-NADH, and so this was tested. The assay used for NADH oxidase was the same as that of Archer et al. (2) , except that bacteria were grown to early log phase (optical density of 0.3) in LB broth and were disrupted at Ϫ70°C with an X-press cell disrupter (Biox Ltd.). After removal of cell debris by centrifugation at 10,000 ϫ g for 10 min, the protein concentrations of the preparations were measured with a bicinchoninic acid protein assay kit (Pierce) and equalized before use. Membrane vesicles from the LB145 nuoG::TnphoA strain oxidized NADH at approximately 60% of the rate of similar membrane vesicles prepared from S. typhimurium F98. Using deamino-NADH as a substrate, this value was 15%, indicating that, as expected, the NADHdhI activity was significantly reduced in LB145 nuoG:: TnphoA membrane vesicles.
The nucleotide sequence of the chromosomal DNA adjacent to the TnphoA insertion from mutant GM129 was determined by digestion of chromosomal DNA with XhoII and Sau3AI, followed by religation and inverse PCR (9) with divergent primers from within the phoA gene. Uncloned PCR products were sequenced as described above. The sequence identified showed 85% identity to that of the E. coli cydA gene (14) , which codes for subunit I of the cytochrome d oxidase, and indicated that the TnphoA gene had inserted immediately after nucleotide 1478 of the putative S. typhimurium cydA ORF. E. coli cyd mutants show increased sensitivity to sodium azide and hydrogen peroxide, and they produce colonies that are the same size as those of the wild type when grown at 30°C but produce microcolonies at 37°C on L agar (15, 31) . Mutant GM129 showed an increased sensitivity to sodium azide, but not to hydrogen peroxide, and produced smaller colonies at 30, 37, and 42°C on L agar than those produced by the parent.
Construction and phenotypes of defined mutations in nuoG, cydA, and uncB. To confirm the role of the NADHdhI and cytochrome d oxidase in growth suppression, defined mutations were constructed by insertion of a Km r cassette into the ORFs of the cloned nuoG and cydA genes and allelic replacement of the wild-type genes on the chromosome of S. typhimurium F98. A 1-to 1.5-kbp fragment of the nuoG or cydA gene was amplified and cloned into the suicide vector pGP704 (22) . For the nuoG and cydA mutations, a Km r fragment (GenBlock; Pharmacia) was inserted into an EcoRV site near the center of the short fragment. This gave nuoG and cydA mutant constructs with the Km r GenBlock inserted 1,328 and 269 bp from the start sites of the respective ORFs. These DNA manipulations were carried out with E. coli SY327pir (21), and the mutations were then transferred to S. typhimurium F98 Nal r by conjugation of the recombinant plasmids from E. coli SM10pir (29) . A number of Km r Ap s transconjugants were tested by PCR with the relevant primers to confirm that they carried the Km r determinant in the appropriate gene. The properties of these defined nuoG and cydA mutants were compared with those of the LB145 nuoG::TnphoA and GM129 cydA::TnphoA mutants. The defined nuoG mutant showed reduced deamino-NADH oxidase activity and grew more poorly than the wild type on M9 minimal salts agar (26) with 0.6% acetate as the sole carbon source (1). As with mutant GM129, the defined cydA mutant showed an increased sensitivity to sodium azide, but not to hydrogen peroxide, and had the same colony phenotype.
During electron transport both the NADHdhI and cytochrome d oxidase complexes translocate protons to the outside of the cytoplasmic membrane, thereby generating a proton gradient across the membrane which is required for substrate transport systems, flagellar rotation, and, under aerobic conditions, ATP synthesis. To investigate whether in vitro growth suppression was linked to the effect of these mutations on the ability to generate ATP, S. typhimurium F98 harboring a defined mutation in the F 0 F 1 proton-translocating ATPase (reviewed in reference 20) was constructed. The complex is encoded by the uncIBEFHAGDC operon, and a Km r determinant was inserted in the uncB gene in order to inactivate the whole complex. The uncB mutation was constructed such that the Km r GenBlock fragment replaced nucleotides 265 to 1511 of the uncB ORF by the method described above. The S. typhimurium F98 unc mutant resembled unc mutants of E. coli (16, 18) by showing significantly poorer growth than that of the wild type on M9 minimal salts agar (26) with citrate, malate, or succinate as the sole carbon source, but grew well with glucose. In addition, in M9 minimal salts liquid medium plus 4 mM glucose, after 24 h, the uncB mutant grew to an optical density at 600 nm of 0.27 compared to 0.46 for the wild type.
The in vitro growth suppression phenotypes of the defined nuoG, cydA, and uncB mutants were reassessed with cultures grown under aerobic or anaerobic conditions (Fig. 1) . As expected, under aerobic conditions, the F98 parent culture suppressed growth of the S. typhimurium F98 Spc r wild type (Fig.  1A) , whereas all three mutants did not suppress growth (Fig.  1B, C, and D) . However, whereas the wild-type strain grew from 10 3 CFU ml Ϫ1 to approximately 10 8 CFU ml Ϫ1 after 48 h in cultures of the nuoG and cydA mutants, the uncB mutant showed some growth suppression, so that the S. typhimurium F98 Spc r wild type grew to 10 7 CFU ml Ϫ1 after 48 h. Under anaerobic conditions, only the S. typhimurium F98 uncB mutant did not suppress growth of the wild type, which grew from 10 3 to 10 8 CFU ml Ϫ1 after 48 h, while the nuoG and cydA mutants completely suppressed growth. In the absence of oxygen, the relative contribution of the NADHdhI and cytochrome d oxidase to energy transduction is probably much less significant than under aerobic conditions. Therefore, NADHdhI and cytochrome d oxidase mutants may be expected to behave more like the wild-type S. typhimurium F98 strain under these conditions. However, the F 0 F 1 proton-translocating ATPase plays a significant role under both aerobic and anaerobic conditions, which could explain why stationary-phase cultures of the unc mutant did not suppress growth. The data support the hypothesis that growth suppression in vitro operates due to the absence of a utilizable carbon source or available electron acceptor, in contrast to previous suppositions (6) . The cytochrome d oxidase complex is required under conditions of low oxygen tension (12) , as probably occurs in the 24-h-old cultures described here. Therefore, a 24-h-old culture of the cyd mutant may contain more oxygen than an equivalent culture of the wild type, which could allow the S. typhimurium F98 wild type to grow on the remaining carbon sources that the mutant cannot utilize under the low oxygen tension. The reduced efficiency with which nuo mutants use carbon sources can explain their competitive disadvantage in the stationary phase (32) , and the specificity of growth suppression (8) explained if different bacterial species use a different spectrum of carbon sources and/or electron acceptors.
The nuo and unc mutations reduce the cells' efficiency at utilizing some carbon sources: these mutants grew poorly on acetate (1), and our own observations confirm that the unc mutant grew more poorly than the wild type on some tricarboxylic acid cycle intermediates as the sole carbon source (18) . In addition, Prüß et al. (25) showed that mutations in NADHdhI reduce the cells' efficiency at utilizing mixed amino acids for growth. Thus, in 24-h-old cultures of these mutants, some carbon sources are probably left for utilization by the wild type, so that its growth is not suppressed.
Since mutants harboring mutations in genes encoding proton-translocating enzymes did not suppress growth in aerobic conditions, we decided to test the effect of the uncoupling agent 2,4-dinitrophenol. When this was added to a concentration of 1 mM to the 24-h-old cultures at the same time as the S. typhimurium F98 Spc r wild-type inoculum, the cydA and uncB mutants suppressed growth completely. However, the results obtained for the nuoG mutant were not so straightforward. While this mutant suppressed growth in the presence of 2,4-dinitrophenol in two of six experiments, on the other four occasions, growth of the S. typhimurium F98 Spc r wild type was observed after a delay of 24 h. Thus, the S. typhimurium F98 Spc r wild type was still at 10 3 CFU ml Ϫ1 24 h after inoculation, 10 6 CFU ml Ϫ1 after 48 h, and 10 8 CFU ml Ϫ1 after 72 h. In control experiments, the wild-type strain grew to 10 8 CFU ml Ϫ1 after 24 h in LB broth containing 1 mM 2,4-dinitrophenol. The data suggest that when not suppressed, growth of the wild type in the stationary-phase cultures of the mutants was predominantly on nonfermentable carbon sources. The reasons for the inconsistent results with the nuoG mutant were not clear.
Effect of mutations in nuo, cyd, and unc on suppression of colonization in the chicken alimentary tract. The ability of the S. typhimurium F98 mutants to prevent colonization of the chicken alimentary tract by the S. typhimurium F98 Spc r wild type was assessed (Table 1) . Specific-pathogen-free chickens were reared as described previously (8, 30) . Before being given access to food, groups of 12 newly hatched chickens were inoculated with 10 8 CFU in 0.1 ml from a 24-h LB broth culture of the strain to be tested. Three birds from each group were killed 24 h later to assess the degree of colonization by counting the number of CFU per gram present in the cecal contents. The remaining birds were then inoculated with 10 5 CFU in 0.1 ml of the S. typhimurium F98 Spc r wild type. Two days later, all birds were killed, and viable counts were determined as described previously (8, 11) . Because many of the viable counts obtained were less than the limit of sensitivity (10 2 CFU g Ϫ1 ), making statistical analysis difficult, viable counts were expressed as the median count, with the range between the minimum and maximum values (3, 8, 11, 30) .
All of the strains used for precolonization were present at approximately 10 8 CFU g Ϫ1 at the time of sampling ( Table 1 ). The numbers of the S. typhimurium F98 Spc r wild type cells used for the second inoculation were relatively low in the group of birds precolonized by the S. typhimurium F98 Nal r wild type (six of eight birds showed counts of Ͻ10 2 CFU g Ϫ1 , while the remaining two showed 4 ϫ 10 3 CFU g Ϫ1 ). In contrast, and as expected, the previously uncolonized control group showed significant colonization by the S. typhimurium F98 Spc r wild type (about 10 8 CFU g Ϫ1 for all eight chicks). Chicks precolonized by the nuo or cyd mutants showed relatively little colonization by the S. typhimurium F98 Spc r wild type, although those precolonized by the cyd mutant did harbor slightly larger numbers than the nuo mutant. In contrast, chicks precolonized with the unc mutant showed significantly more colonization by the S. typhimurium F98 Spc r wild type (counts of approximately 10 7 CFU g Ϫ1 or above in seven of nine birds). The results paralleled those obtained in vitro in LB broth under anaerobic conditions, possibly because these conditions prevail in the alimentary tract. This suggests that anaerobic growth in LB broth may be used as a screen for other mutants which do not suppress bacterial growth in chickens, thus aiding in the elucidation of the mechanism of competitive exclusion. However, the in vitro situation will never entirely substitute for the conditions and selective pressures operating in the alimentary tract, and further in vivo screening will be required.
Should the in vitro growth suppression hypothesis prove to be correct, then it will provide a rational basis upon which to further investigate colonization inhibition in vivo as well as competitive exclusion.
Nucleotide sequence accession number. The nucleotide sequence for the S. typhimurium nuoG gene discussed here together with that for the nuoH gene has been deposited in the GenBank database under accession no. L42521. . After a further 2 days, the numbers of CFU of each strain per milliliter in the cecal contents were determined. The median counts from eight to nine chicks are given, followed by the minimum and maximum values in parentheses.
